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Abstract 
Emerging organic contaminants (EOCs) detected in groundwater may have adverse effects on 
human health and aquatic ecosystems. This paper reviews the existing occurrence data in 
groundwater for a range of EOCs including pharmaceutical, personal care, ‘life-style’ and 
selected industrial compounds. The main sources and pathways for organic EOCs in 
groundwater are reviewed, with occurrence data for EOCs in groundwater included from both 
targeted studies and broad reconnaissance surveys. Nanogram-microgram per litre 
concentrations are present in groundwater for a large range of EOCs as well as metabolites 
and transformation products and under certain conditions may pose a threat to freshwater 
bodies for decades due to relatively long groundwater residence times. In the coming decades, 
more of these EOCs are likely to have drinking water standards, environmental quality 
standards and/or groundwater threshold values defined, and therefore a better understanding 
of the spatial and temporal variation remains a priority. 
Keywords: emerging contaminants; review; groundwater; pharmaceuticals; occurrence 
Capsule: A large range of emerging organic contaminants are now being detected in 
groundwater as a result of recent and historical anthropogenic activities. 
 
1. Introduction 
A diverse array of synthetic organic compounds are used by society in vast quantities for a 
range of purposes including the production and preservation of food, industrial manufacturing 
processes, as well as for human and animal healthcare. In the last few decades there has been 
a growing interest in the occurrence of these, so called, ‘micro-organic contaminants’ in the 
terrestrial and aquatic environment, their environmental fate and their potential  toxicity (Stan 
and Linkerhagner, 1992; Stan et al., 1994; Halling-Sørensen et al., 1998;Daughton and 
Ternes, 1999; Schwarzenbach et al., 2006; Kümmerer, 2009). The contamination of 
groundwater resources by micro-organics is a growing concern and relatively poorly 
understood compared to other freshwater resources. Groundwater provides the most reliable 
perennial source of freshwater on Earth. It maintains flows and levels in rivers and lakes, is 
essential for the health of groundwater-dependant ecosystems, and in many parts of the world 
is the most important source of drinking water.  
Of particular concern are ‘emerging organic contaminants’ (EOCs).  This term is used to 
cover not only newly developed compounds but also compounds newly discovered in the 
environment — often due to analytical developments (Lindsey et al., 2001; Petrovic and 
Barceló, 2006; Richardson and Ternes, 2011) and compounds that have only recently been 
categorised as contaminants. EOCs include a wide array of different compounds (as well as 
metabolites and transformation products- collectively referred to here as degradates) 
including; pharmaceuticals and personal care products (PPCPs), pesticides, veterinary 
products, industrial compounds/by-products, food additives as well as engineered nano-
materials. Because of the vast array of possible compounds, many studies have selected EOCs 
according to priority lists established taking into account consumption, predicted 
environmental concentrations as well as ecotoxicological, pharmacological and 
physicochemical data (e.g. Hilton et al., 2003; Huschek et al., 2004; Fent et al., 2006; Crane et 
al., 2006; Besse and Garric, 2008; Celiz et al., 2009).  
To date the occurrence of EOCs has been much better characterised in wastewater and surface 
water environments compared to groundwater (see Pal et al., 2010 and references therein). 
Wastewaters are the main sources of EOCs in the environment and surface waters contain the 
greatest loads of EOCs. Wastewaters and surface waters are also generally thought to contain 
a much greater diversity of compounds compared to groundwater, although this may be 
simply a function of the capability of various analytical methods and the limited number of 
groundwater studies rather than actual environmental occurrence.  
It is now established that these compounds enter the environment from a number of sources 
and pathways: wastewater effluents from municipal treatment plants (Heberer et al., 1997, 
1998, 2004; Kolpin et al., 2002); septic tanks (Verstraeten et al., 2005; Swartz et al., 2006); 
hospital effluents (Kümmerer, 2001); livestock activities including waste lagoons and manure 
application to soil (Shore and Shemesh, 2003; Watanabe et al., 2010); subsurface storage of 
household and industrial waste (e.g. Eckel et al., 1993; Holm et al., 1995), as well as 
indirectly through the process of groundwater-surface water (GW-SW) exchange (Buerge et 
al., 2009).  
Recent reviews have covered the occurrence of EOCs in surface waters used for public water 
supply (Houtman, 2010), the sources, occurrence and fate of ‘emerging organic contaminants’ 
(EOCs) in surface water sources (Pal et al., 2010), and trace pollutants and EOCs in fresh 
water sources (Murray et al., 2010). Díaz-Cruz and Barceló (2008) recently reviewed priority 
and emerging organic micro-pollutants in the different source waters used for artificial aquifer 
recharge purposes and Einsiedl et al. (2010) assessed the occurrence and transport of 
pharmaceuticals in karst groundwater systems affected by domestic waste water treatment. In 
a review by Jones et al. (2005), pharmaceuticals (11 EOCs) were reported in drinking waters 
from Germany, UK, Italy, Canada and USA. While individual compounds were generally 
found in concentrations that are considered too low to cause acute effects (i.e. typically <100 
ng/L), it is clear that the toxic effects due to long-term exposure to a combination of low 
concentrations of range of emerging contaminants are not well understood. To date, review 
articles concerning freshwater EOC occurrence have focused on surface water resources, or 
only drawn on groundwater data from a handful of case studies (e.g. Caliman and Gavrilescu, 
2009; Murray et al., 2010; Pal et al., 2010; Houtman, 2010). There has not been a systematic 
review of published studies focusing on the occurrence of EOCs in groundwater.  
This paper reviews the occurrence of a range of EOCs (as well as their degradates) in 
groundwater including: pharmaceuticals; personal care compounds; veterinary medicines; 
‘life-style compounds’; x-ray contrasting agents; steroids; surfactants; plasticisers; metabolic 
regulators; preservatives; food additives, as well as a large range of other waste water related 
compounds and focuses on EOCs that are under review or do not currently have drinking 
water standards in Europe. It focuses on the main sources, pathways and fate of EOCs in 
groundwater, and evaluates the occurrence of EOCs in groundwater including data from 
targeting studies and broad reconnaissance surveys from 14 countries across Europe, the 
Middle East, North America and Asia. The vast majority (c.75%) of articles included in this 
review were published after 2001. Important processes that  control the fate of EOCs in the 
subsurface are discussed, and the use of EOCs as tracers in groundwater studies is assessed, as 
well as their potential impact on water resources. Particular attention is paid to the occurrence 
of known and potential endocrine disrupting substances (EDS) in groundwater. Current gaps 
in our understanding regarding EOCs in groundwater are highlighted as well as possible areas 
for future research.  
Agricultural pesticides and their degradates have not been included in this review; the 
environmental occurrence of this group of organic contaminants is better characterised and 
reviewed compared with many other groups of EOCs and are better regulated with respect to 
drinking water standards in many countries (Leistra and Boesten, 1989; Ritter, 1990; Kolpin 
et al., 1998; Murray et al., 2010; Stuart et al., 2011). 
2. Regulation of EOCs in groundwater 
Monitoring of anthropogenic micro-organic pollutants in river basins is required within the 
framework of various national regulations (e.g. EC, 2006; USEPA, 2006) with the overall aim 
of protecting and improving the quality of water resources. It would be fair to say that the 
spatial and temporal variability of the majority of EOCs in the environment is still poorly 
understood, and is a topic of growing interest from both research and regulatory perspectives. 
The absence of regulatory drinking water, environmental quality standards or groundwater 
threshold values for many micro-organic contaminants does not mean that they do not pose a 
potential threat to human health or aquatic ecosystems; rather, in many cases that their 
toxicity and environmental occurrence are as yet poorly understood. The number of 
compounds that are regulated through drinking water standards and/or environmental quality 
standards is therefore likely to grow in the coming decades.  
In Europe the EU Water Framework Directive (WFD - 2000/60/EC) and its daughter 
Groundwater Directive (2006/118/EC) establish environmental objectives for protecting 
groundwater and the water bodies and ecosystems dependent on groundwater. As part of 
achieving these objectives groundwater bodies have to be at “good status”. In assessing status, 
threshold values (standards) have to be established for pollutants that put the groundwater 
body at risk of failing to achieve any of its environmental objectives. Whilst for many 
chemical pollutants there is sufficient knowledge to establish threshold values, in the case of 
many EOCs the lack of knowledge on toxicity, impact, behaviour and limited monitoring data 
mean that threshold values cannot yet be set. However, in the future, if EOCs are found to 
lead to the risk of pollution of groundwater and have the potential to compromise 
environmental objectives then standards (threshold values) will be required. These will also 
have to be reported to the European Commission. The EU Drinking Water Directive (EC, 
2006) also does not currently include standards for EOCs and is unlikely to change in the near 
future as a recent proposed review has been postponed.   
The same situation occurs elsewhere in the world. Regulatory frameworks exists to manage 
the potential sources of pollution and require monitoring of a number of ‘priority’ organic 
contaminants in the aquatic environment (e.g. pesticides and degradates, VOCs, chlorinated 
solvents, water disinfection by-products and PAH, e.g. Teijon et al., 2010). However, there 
are a huge number of contaminants (largely organic compounds) that are not subject to the 
same degree of regulation at present (for the same reasons as above). The US Environment 
Protection Agency published a new contaminant candidate list (CCL-3) in 2009 which 
included 3 pharmaceuticals (erythromycin, 17R-ethinylestradiol (EE2), and nitroglycerin) as 
well as perfluorooctanoic acid (PFOA), perfluorooctane sulfonate (PFOS) and eight 
hormones: 17R-estradiol, 17β-estradiol, equilenin, equilin, estriol, estrone, mestranol, and 
norethindrone (Richardson and Ternes, 2011). It was recently reported (August 2011) that the 
European Commission aims to table draft limits for 16 new substances limits under the WFD 
including the following EOCs: anti-inflammatory drugs ibuprofen and diclofenac; the 
synthetic contraceptive ethinylestradiol; naturally occurring oestrogen oestradiol; and PFOS 
(ENDS, 2011).  
By definition EOCs have not been widely studied compared to other anthropogenic 
contaminants, and there is a paucity of information on their occurrence and fate in the aquatic 
environment. In response to this there has been a an effort in many countries/regions to study 
the sources and occurrence of EOCs in the environment and prioritise key compounds which 
pose a potential ecological threat. For example in the USA there have been a series of 
programmes including those funded by the USGS, NOAA, USEPA and the Department of 
Defence. There has been a parallel set of research programmes funded by the  European 
Union (e.g. , as well as examples of national reconnaissance studies (e.g. Barnes et al., 2008, 
NAQUA, 2009, Stuart et al., 2011).  
3. Sources, pathways and fate of EOCs in the subsurface 
This section synthesises available data for EOCs in groundwater using the common source-
pathway-receptor framework. Sources of EOCs in the environment that may eventually 
impact groundwater can be divided into i) point-sources and ii) diffuse sources of pollution. 
The main sources of EOC pollution in the environment are summarised in this section, 
including analysis of key sources, pathways and fate of EOC in the subsurface that can lead to 
groundwater pollution. This is summarised in Figure 1, highlighting those sources of pollution 
and pathways which are thought to have the greatest impact on groundwater resources.  
3.1. Sources and pathways for groundwater pollution by EOCs 
Point-source pollution originates from discrete locations whose inputs into aquatic systems 
can often be defined in a spatially discrete manner. The spatial extent or plume of pollution is 
therefore generally more constrained. Important examples include industrial effluents (e.g. 
manufacturing plants, hospitals, food processing plants), municipal sewage treatment plants 
and combined sewage-storm-water overflows, resource extraction (mining), waste disposal 
sites (landfill sites, industrial impoundments, farm waste lagoons) and buried septic tanks.  
Diffuse pollution, in contrast, originates from poorly defined, diffuse sources that typically 
occur over broad geographical scales. Examples of diffuse source pollution include 
agricultural runoff from bio-solids and manure sources, storm-water and urban runoff, leakage 
from reticulated urban sewerage systems and diffuse aerial deposition (e.g. Leister and Baker 
1994; Knoth et al., 2003; Schmid et al., 2004; Terry et al., 2008; Vulliet et al., 2008; Nakada 
et al., 2008; Buerge et al., 2011). These sources of pollution can be characterised as: i) 
covering larger geographical scales, ii) having generally lower environmental loading 
compared to point sources, iii) having higher potential for natural attenuation in the soil and 
subsurface, iv) and are poorly defined with less direct/obvious links back to the ‘polluter’, as 
such they continue to be a real challenge to monitor, regulate and assess their impact on 
groundwater resources. 
To date the vast majority of published studies have focussed on groundwater contamination 
by EOCs from point sources (e.g. Heberer, 2002; Rabiet et al., 2006; Barnes et al., 2004; 
Drewes et al., 2002; Watanabe et al., 2008; Maeng et al., 2010, 2011). This is likely due to the 
combination of factors;  i) point source pollution usually results in higher EOC loading to a 
particular environmental receptor (surface water or groundwater body or aquatic species), this 
also means that they are easier to detect in the environment, ii) engineered solutions to point 
source pollution are perhaps more straightforward, are seen to deliver the greatest 
environmental benefit, and as such attract the greatest funding , iii) there is a stronger 
historical legacy of regulatory control on point source pollution, and the connection between 
the pollution and the polluter is more easy to define, iv) and as such is easier to conceptualise, 
monitor and predict compared to diffuse pollution.  
For many EOCs there may be multiple pathways to groundwater and associated receptors (see 
Figure 1), and difficulties in understanding these processes are compounded by paucity of 
information compared to surface water. In certain situations, (e.g artificial recharge) and 
surface-groundwater exchange the source term and pathways are more clearly defined 
(Schmidt et al., 2003; Díaz-Cruz and Barceló, 2008) and can be traced in the environment.  
Figure 2 summarises visually (box-plot) the maximum EOC concentration in groundwater 
derived from a synthesis of 69 published studies (see Table S1 for further details). The data 
are divided on the basis of major sources; agricultural waste (from waste lagoons and 
biosolids), landfill, septic tanks, waste water (industrial and municipal). Landfill sources have 
the highest median value for all EOCs, the other sources have comparable median values. 
Waste water contaminated groundwater has the largest number of compounds and results (see 
Figure 2). Agricultural waste contaminated groundwater has both the smallest number of 
compounds and number of samples overall. While there are several compounds 
(carbamazepine, sulfamethoxazole, ibuprofen, caffeine and nonylphenol (NP)) that are found 
in groundwaters impacted by three different source types, no EOC was reported in all four 
source types. This reflects the fact that to date waste water sources have been better 
characterised than other sources. Some contaminants are more source specific (e.g. 
contrasting agents from hospitals and veterinary pharmaceuticals) and as such are easier to 
trace in the environment compared to contaminants with multiple potential sources (e.g. 
caffeine). While for many pharmaceuticals there are multiple sources in the environment 
globally, it is still possible to elucidate source terms on a local or sub-regional scale (e.g. 
Clara et al., 2004; Buerge et al., 2009, 2011).  The following sections critically review 
pollution of groundwater resources by EOCs from key point and diffuse sources. 
 
3.1.1. Point sources 
 
Waste water sources are considered one of the most important point sources of EOCs in the 
aquatic environment (Glassmeyer et al., 2005). A large number of studies have investigated 
the fate of EOCs in groundwater following infiltration of waste waters (sewage and industrial) 
as well as contaminated surface water sources, and to date provides the largest body of 
research regarding the sources and fate of EOCs in the subsurface. The work has been carried 
out in many countries including Germany, USA, UK, Denmark, Spain, Italy, Austria, Israel 
and France (e.g. Adler  et al., 2001; Heberer et al., 1997, 2004; Grünheid et al., 2005, 2000; 
Sacher et al., 2001; Heberer and Adam, 2004; Drewes et al., 2003; Mansell and Drewes, 
2004; Snyder et al., 2004; Katz et al., 2009; Rabiet et al., 2006; Clara et al., 2004; Kreuzinger 
et al., 2004; Pecoranio et al., 2008; Gasser et al., 2010). A review of the sources and fate of 
organic wastewater contaminants (OWCs) following artificial recharge/infiltration of a range 
of waste water sources to the subsurface was recently carried out by Díaz-Cruz and Barceló 
(2008). This review showed that artificial recharge continues to be a very important potential 
source of EOCs in groundwater, particularly when groundwater residence times are short, and 
poses a threat to adjacent groundwater bodies as well as surface water resources. This source 
is clearly a major input of EOCs into the environment globally, especially in regions where 
waste water treatment is poorly regulated and rudimentary or non-existent. However, even 
where treatment systems are advanced removal is still incomplete, and as such these sources 
can still be a major input in the environment. The suite of molecules potentially released into 
the environment is large depending the origin of the water treated. A recent example which 
has illustrated the potential for molecules to by-pass sophisticated treatment processes has 
been the widespread occurrence of metaldehyde (active ingredient of slug pellets) in treated 
drinking water sources (Water UK 2011). Hospital waste water forms an important source for 
a range of specific EOCs, including x-ray contrast media, and certain therapeutic drugs 
(Putschew et al., 2000; Ternes and Hirsch, 2000; Sacher et al., 2001, Schulz et al., 2008). 
Landfill sites have also been shown to be important sources for EOC contaminants in 
groundwater for the many years and have a continued legacy as sources of groundwater 
contamination today due in part to historical landfill practices regarding landfill construction, 
waste management and in some cases poor choices regarding landfill location. This is in stark 
contrast with modern landfill design and management practices across parts of Europe and 
North America. However, in many developing countries there is presently limited effective 
regulation regarding groundwater protection from landfill sources. This, combined with the 
large increase in use of pharmaceuticals in recent years as well as the increased abstraction for 
domestic use in many developing regions suggests that this may be an important source of 
groundwater (drinking water) contamination for many years to come.  
Many early studies reported a wide range of pharmaceuticals in groundwater down gradient of 
landfills receiving domestic and industrial waste (e.g. Eckel et al., 1993; Holm et al., 1995; 
Ahel et al., 1998; Ahel and Jelicic 2000). Two recent studies (Barnes et al., 2004 and Buszka 
et al., 2009) show the persistence of EOCs in groundwater down gradient of landfills 
detecting a range of industrial compounds (detergents, antioxidants, fire retardants, 
plasticisers) as well as PPCPs (antibiotics, anti-inflammatories, barbituates), caffeine and the 
nicotine metabolite cotinine.  In many of these studies EOCs have been detected in significant 
concentrations between 10-104 ng/L. 
 Septic tanks remain important sources of groundwater pollution by EOCs, particularly where 
groundwater tables are shallow and aquifers have high transmissivity.  It is very difficult to 
effectively monitor and regulate contamination from septic tanks, even in North America and 
Europe, due to the huge number of these point sources, and widespread use in rural settings. A 
detailed study carried out in Canada (Carrara et al., 2007) showed septic tank samples 
contained elevated concentrations of several pharmaceutical compounds. As a result, when 
they leak they may be an important source of EOC contamination of groundwaters.  Large 
differences among groundwater samples down-gradient of the septic tanks were observed in 
both the number of detections and the concentrations of the pharmaceutical compounds. Of 
the compounds analysed pharmaceuticals, ibuprofen, gemfibrozil, and naproxen were 
observed. Several case studies in the USA have reported a range of EOCs in groundwater 
impacted by septic tanks (e.g. Verstraeten et al., 2005; Swartz et al., 2006; Godfrey et al., 
2007). Common PPCPs reported include ibuprofen, paracetamol, salicylic acid, and triclosan. 
Life-style compounds include nicotine, and its metabolite cotinine. EDS include E2, oestrone 
bisphenol A and NP (Swartz et al., 2006). These EOCs were detected in concentrations 
between 10-103 ng/L. While at close proximity to the sources concentrations may be high, the 
generally low volumes of leachate from this type of source means that total EOC loading to 
groundwater are low on a regional scale, and there is a high potential for dilution and 
attenuation. 
The use of veterinary antibiotics in concentrated animal feeding operations (CAFOs) is a 
growing concern as an important source of environmental contamination. This is of particular 
relevance in the USA, parts of Europe and Asia where intensive rearing of livestock is 
becoming more common (Thorne, 2007, Bradford et al., 2008, Chomycia et al., 2008, Bartlet-
Hunt et al., 2010). A significant proportion of the antibiotic given (and degradates) passes 
through the livestock and is excreted and stored in waste lagoons and so poses a potential 
threat to groundwater sources through leakage from the lagoons or when the waste is spread 
on the land. In dairy waste lagoons, the endogenous oestrogens E2 and oestrone and the 
androgens testosterone and androstenedione have been detected at concentrations as high as 
650 ng/L (Kolodziej et al., 2004).  
 
3.1.2. Diffuse sources 
 
Application of manure, and bio-solids from sewage sludge processing, to the land surface is 
an important part of waste management strategy, and has the added benefit of enhancing soil 
nutrient levels (e.g. EC, 2011). However, the incomplete removal of EOCs during waste water 
treatment may result in residual concentrations in bio-solids that are applied to soil (Clarke 
and Smith, 2011). Due to their relatively high concentrations in waste water related bio-solids 
and their relatively high solubility two types of halogenated hydrocarbons (perflurochemicals 
and polychlorinated alkanes) are considered important potential groundwater contaminants 
from applications to soil and surface runoff (Clarke and Smith., 2011). Sarmah et al. (2006) 
reviewed the occurrence and fate of veterinary antibiotics in the environment and reported the 
occurrence of a range of veterinary antimicrobials at low concentrations in groundwater 
which were attributed to agricultural practices including the application of manure. Buerge et 
al. (2011) reported the occurrence of saccharin in groundwater at a pumping station in 
Switzerland, with concentrations up to 260 ng/L, after application of pig manure despite the 
fact that biological mineralisation in soil was rapid (90% after two months incubation).  
A range of antimicrobial compounds attributed to soil manure applications have been reported 
in groundwater sources in China (Hu et al., 2010). Groundwater concentrations were reported 
between 5-42 ng/L, and residues were found to be higher during wetter periods compared to 
dry summer months. The concentrations detected in groundwater were explained in terms of 
solubility and Kow. In the UK there is guidance provided by the Environment Agency (EA, 
2011) regarding the application of chicken manure contaminated with veterinary medicines, 
used to treat broilers, owing to the potential contamination of surface and groundwater bodies. 
While it is has been shown that manure and biosolid derived EOCs can reach groundwater 
resources, they are more likely to do so in significant concentrations via indirect routes such 
as surface water- groundwater (GW-SW, see following section) exchange from runoff rather 
than downward migration due to attenuation mechanisms in the soil and unsaturated zone.  
The practice of applying bio-solids to soil is a critical part of the current waste management 
practice globally, and will continue to be so in the future. Therefore, these sources are likely 
to continue to be important potential sources of EOC contamination in groundwater. 
Surface waters contain higher concentrations, and a larger range of EOCs than groundwaters 
(e.g. Focazio et al., 2008), and are therefore an important source and pathway of EOC 
pollution of groundwater bodies as a result of both natural (Lapworth et al., 2009) and 
engineered GW-SW exchange processes (Drewes, 2009). The more frequent occurrence of 
EOCs in surface waters reflects the direct input from waste water sources, short residence 
times and the limited dilution and attenuation capacity of surface water compared to 
groundwater (Barnes et al., 2008). Once EOCs enter a surface water course they may stay in 
the surface water body or by lateral or vertical hydraulic exchange, through the hyporheic 
zone, can be transferred to a groundwater body (Lewandowski et al., 2011). Where the 
regional groundwater table is below the surface water level, for example in more arid regions, 
the surface water may recharge directly into the unsaturated zone beneath the river course. 
Through such mechanisms surface waters can be considered a source and pathway of 
groundwater pollution.  Recently, EOCs have been used to great effect to trace SW-GW 
exchange processes and as markers of waste water sources (e.g. Buerge et al., 2009; Mueller 
et al., 2011), this is covered in more detail in section 6. This process is particularly important 
in aquifers below and adjacent to water courses, for example in shallow alluvial aquifers, 
which are very important source of drinking water in many parts of the world.  
Managed aquifer recharge (MAR) refers to the use of surface water sources (including treated 
waste water) to artificially recharge an aquifer. It is a particularly useful management tool in 
semi-arid regions where water resources are scarce (Gale and Dillon, 2005; Drewes, 2009; 
Lev et al., 2011). It is used to replenish aquifers, use them as natural temporary storage 
systems, and in some cases manage river flow (Bouwer, 2002; Daher et al., 2011). However, 
artificial recharge can in some instances short-circuit natural attenuation mechanisms in the 
soil and subsurface leading to potential long term contamination of groundwater resources.  
Diffuse leakage from reticulated sewerage systems may pose a significant risk for EOC 
pollution in groundwater as it by-passes natural attenuation mechanisms in the subsurface 
(Ellis, 2006). This is a particular risk in urban land use settings, especially where the systems 
are in poor repair (Foster et al., 1998; Morris et al., 2005; Morris and Cunningham, 2008; 
Rueedi et al., 2009). Aerial sources from industry, transport and agriculture provide a diffuse 
and low loading to the land surface (Leister and Baker 1994; Villanneau et al., 2011). Due to 
the low concentrations and high attenuation potential in the subsurface, particularly in the soil 
zone, these types of diffuse sources are not considered significant for groundwater pollution.  
 
3.2. The fate of EOCs in the subsurface 
Recent studies investigating the fate of EOCs from treated wastewater effluents at artificial 
recharge sites and tracer tests following EOC injection in the subsurface have showed that 
while natural attenuation is high for many compounds it is certainly not complete, with some 
compounds behaving in a conservative way during recharge (e.g. Cordy et al., 2004; Barber et 
al., 2009; Fernandez et al., 2011; Cabeza et al., 2011; Laws et al., 2011). 
The fate of any given contaminant in the subsurface environment will depend upon both its 
physicochemical properties, such as its solubility in water, Kow and Dow (Sedlak and Pinkston, 
2001; Wells, 2006) and other environmental characteristics. Indeed, the contaminant 
properties as well as groundwater residence time, redox conditions and total loading will be 
important in determining presence and persistence in the subsurface and groundwater. EOCs 
applied to the soil surface will potentially migrate through the soil zone (Scheytt et al., 2004), 
the unsaturated zone and into the saturated zone (Oppel et al., 2004., Snyder et al., 2004; 
Zuehlke et al., 2004). The main processes controlling EOCs during subsurface migration are 
sorption mainly to organic matter and clay minerals, ion exchange in the soil and aquifer, and 
microbial degradation or transformations.   
The following sections review the processes that potentially control EOC attenuation and 
migration in and to the subsurface including hydraulic/physical characteristics, sorption 
processes and biodegradation/redox controls. 
3.2.1. Physical/hydraulic controls 
Groundwater contamination by organic compounds is affected by physical/geological controls 
(i.e. intrinsic vulnerability), such as the degree of confinement/concealment of an aquifer, the 
hydraulic properties of the aquifer and overlying soil (e.g. Worrall and Kolpin, 2004). 
Groundwater age tracers (e.g.CFCs and tritium) are now starting to be used to understand 
organic contaminant occurrence in groundwater from agricultural and amenity uses (e.g. 
Lapworth and Gooddy, 2006; Gourcy et al., 2009) and urban waste water sources (Fram and 
Belitz, 2011).  
A recent study in France (Faille, 2010) found that carbamazepine was detected at around 20% 
of sites (up to 16 ng/L) in confined and semi-confined groundwaters. This was found to be 
less than in unconfined areas where 45% of sites had detections and measured concentrations 
up to 167 ng/L.  In a study in the USA targeting wells with suspected sources Barnes et al. 
(2008) found that shallower wells had significantly higher detections of indicator wastewater 
compounds including pharmaceuticals. A recent study carried out in California, USA, by 
Fram and Belitz (2011) found low detection frequencies (2.3%) for pharmaceuticals in 
groundwaters used for public drinking water supply. This was in part due to the deep nature of 
the supply boreholes and low proportion of modern groundwater found in these sources, 
however, occurrence of pharmaceuticals was not found to be correlated to well depth.  
Groundwater resources in karstic zones are particularly at risk from contamination from 
diffuse and point sources of EOCs due to the rapid flow mechanisms limiting natural 
attenuation in the unsaturated and saturated zone during recharge (Katz et al., 2009; 
Hillebrand et al., 2011). The relatively short residence times (high transmissivity) and 
exchange pathways with surface water bodies mean that shallow alluvial aquifers are also 
highly susceptible to EOC contamination (Bruchet et al., 2005; Rabiet et al., 2006; Osenbruck 
et al., 2007; Nakada et al., 2008).  
3.2.2. Surface sorption and EOC molecular properties 
Sorption onto matrix surfaces (soil and unsaturated zone) during groundwater recharge and 
onto materials of the saturated zone is an important process able to attenuate EOCs in the 
subsurface and is a key factor in terms of EOC accumulation, bioavailability and degradation. 
Studies investigating sorption of EOC onto soils reveal the major role of soil carbon organic 
and clay (e.g. Casey et al., 2004; Wang et al., 2009; Olshansky et al., 2011) for many 
molecules while sorption on geological materials deeper in the unsaturated zone and saturated 
zone has been less well studied. Ionic molecules can have more complex behaviour as their 
fate varies with pH conditions. Attenuation of the cationic -blocker was investigated by 
Schaffer et al. (2011) under realistic competitive cationic conditions (Ca 4-400 mg/L). The 
transport of atenolol was reduced with decreasing cationic concentration due to reduced 
competition for negatively charged sites. In contrast diclofenac and ibuprofen are negatively 
charged under environmental conditions and thus are only weakly adsorbing to neutral 
surfaces or and are not adsorbed to negatively charged subsurface matrices in chalk aquifers. 
Comparatively low partitioning coefficients (Kd) <2 have been reported for adsorption to 
aquifer sediments (Scheytt et al., 2005). These findings may have important implications for 
ionic EOC fate during changes in major ion chemistry (e.g. natural episodic recharge, salt 
water intrusion or artificial waste water recharge). Some studies reveal interactions with 
metals have important implications for the transfer of EOCs in soil, for example tetracycline 
antibiotics (Sassman and Lee, 2005). 
Two studies by Scheyett et al. (2004, 2005) showed that the mobility and attenuation of 
diclofenac, ibuprofen, and propyphenazone is in the same range for experiments under 
saturated and unsaturated conditions whereas carbamazepine had a significantly lower 
sorption and elimination under unsaturated conditions. There is clear evidence that some 
compounds, e.g carbamazepine, are resistant to various natural attenuation and treatment 
processes following observations in both field scale experiments and at the catchment scale 
(Glassmeyer et al., 2005; Clara et al., 2004, Scheytt and Müller, 2011). This is due in part to 
its resistance to hydrolysis and neutral charge at pHs’ found in most groundwater 
environments which results in poor interaction with mineral surfaces with a largely negative 
charge. Shinohara et al. (2006) demonstrated that amide EOCs (e.g., crotamiton, 
carbamazepine, or diethyltoluamide) were poorly attenuated in the soil zone (<30%) 
compared to phenolic and carboxylic compounds (ibuprofen, 92%; triclosan, 99%). These 
findings are broadly consistent with the more widespread detection of the amide EOCs (e.g. 
crotamiton) in urban groundwater and no or less-frequent detection of the phenolic and 
carboxylic EOCs (e.g. Nakada et al., 2008; Stuart et al., 2011). These studies demonstrate 
why amide EOCs (i.e., crotamiton and carbamazepine) are perhaps more conservative tracers 
of sewage inputs to groundwater, compared to phenolic or carboxylic EOCs. 
While molecular properties (see Hansch et al., 1995) have been successfully used to 
discriminate between polluting and non-polluting pesticide compounds in groundwater (e.g. 
Worrall. 2001), for many emerging contaminants key properties that can govern their fate in 
the subsurface remain unknown and this is a priority area for future research. 
 
3.2.3. Biodegradation and redox controls  
The role of microorganisms in the degradation of EOC has been clearly demonstrated, 
especially in the soil zone (e.g. Alvarez and Illman, 2006; Semple et al., 2007; Wick et al., 
2007). However, in groundwater, i.e. in the unsaturated and saturated zone, microorganisms 
are less numerous and probably less diverse and there are also variable redox conditions 
which may limit biological activity (Johnson et al., 1998). The degradation pathways of EOC 
are often significantly faster under aerobic conditions compared to anaerobic conditions 
(Watanabe et al., 2010; Godfrey et al., 2007; Barnes et al., 2004). As such, redox controls are 
a common theme in EOC persistence in groundwater from a range of sources including 
landfills, septic tanks and CAFO lagoons.  
The redox conditions and mixtures of EOCs in certain groundwater systems and contaminant 
plumes may preserve EOCs for longer than would be expected under aerobic conditions and 
as a result they can behave in a more conservative manor (Carrara et al., 2007; Hohenblum et 
al., 2004). A recent degradation study by Burke et al (2011) using microcosm experiments of 
the analgesic compounds phenazone and propyhenazone and their degradates reported the 
degradation of six of the seven investigated compounds was strongly influenced by the 
prevailing redox environment. In this study, most parent compounds and degradates showed 
better removal under oxic conditions, whereas they persisted in the anoxic conditions.  
While caffeine and paracetamol (also called acetaminophen) are used in much higher 
concentrations both are more biodegradable during waste water treatment and transport in the 
subsurface (e.g. Benotti and Brownawell, 2009) and as such are generally detected less 
frequently compared to other EOCs such as carbamazepine and sulfaethoxasole which are 
more resistant to biodegradation. An important factor associated with EOC persistence in the 
subsurface from landfill plumes is the development of a redox zone within the contaminant 
plume (e.g. Christensen et al., 1992). This reducing environment has been shown to be 
important in controlling the transport and fate of some organic compounds with otherwise 
high attenuation potential (Williams et al., 1984; Holm et al., 1995). For sources of 
contamination from septic tanks it has also been suggested that a redox-mediated persistence 
of EOCs is important controlling factor (Carrara et al., 2007).  
Veterinary antibiotics have been investigated by Watanabe et al. (2008, 2009) and Bartlet-
Hunt et al. (2010) in various environmental compartments including groundwater below 
animal waste lagoons, as well as shallow groundwater from areas where animal waste had 
been applied to fields. Veterinary antibiotics (Lincomycin, monensin and erythromycin) have 
been found to persist (>100 ng/L) in groundwaters below poorly sealed lagoons compared to 
the surface and soil samples. The anaerobic groundwater conditions are thought to contribute 
to the persistence of these antibiotics in the groundwater after they have been leached from 
the base of the lagoon. Antibiotic (sulfamethazine) concentrations (0.6 ng/L) in groundwaters 
where manure has been applied to soils were found to be two orders of magnitude lower than 
below animal waste lagoons (Watanabe et al., 2010). These observations were consistent with 
greater dilution and attenuation potential and lower total loading in soil-applied manure 
compared to the waste lagoon. In addition, it was observed that the contrasting redox 
conditions below the lagoons (anaerobic) and the manure-applied sites (aerobic) may also 
strongly influence the potential degradation pathways (Watanabe et al., 2010). The aerobic 
conditions in soils contrast with those below farm waste lagoons where veterinary antibiotics 
were detected and suggest a redox control on its fate in groundwater. 
4. Occurrence and concentrations of EOCs in groundwater 
 
A large number of studies published since 1993 that report groundwater EOC results have 
been included as part of this study and data compiled for the maximum concentrations 
observed for the potential sources cited (See Table S1 for details). The maximum 
concentration for each compound was chosen for comparison as this was found to be the most 
commonly cited value in published studies; due to the very large proportion of non-detects 
(often >90%), and the low sample numbers, calculating the mean value for many compounds 
is meaningless (Helsel, 2005). While it is clear from reviewing the literature that the vast 
majority of groundwater resources do not contain EOCs in concentrations that would be 
considered toxic and/or harmful, due to natural attenuation and dilution mechanisms, there is 
a large variety of EOCs found in groundwater proximal to important direct and indirect 
sources (e.g. artificial recharge and surface water), and in some cases the concentrations are 
significant (>100 ng/L). The combined toxicity of multiple contaminants is not well 
understood at present (Brooks et al., 2009). In addition, there are a number of key EOCs that 
have a global footprint, and are frequently detected in groundwater resources. 
Figure 3 is a box-plot of maximum EOC concentration in groundwater grouped as follows: 
steroids and hormones, sweeteners and preservatives, ‘life-style’ compounds, industrials, 
PPCPs and veterinary medicines (note the log scale on the y-axis). Suspected outliers (+) are 
25th and 75th percentile +/- 1.5(IQR), n = number of results, c = number of different 
compounds for each group. Table 1 summarises the lowest, average and highest maximum 
concentrations found in groundwaters for individual EOCs that were reported in at least four 
separate studies, for a full list of results for all 180 compounds see Table S1 in supplementary 
information. Maximum concentrations for the most commonly detected compounds in 
groundwater were reported over the range 40-104 ng/L. The six most commonly reported 
compounds globally were as follows: carbamazepine (23 studies, average max. conc. = 5 x 
103 ng/L), sulfamethoxazole (15, 252 ng/L), ibuprofen (14, 1.5 x 103 ng/L), caffeine (14, 9.8 x 
103 ng/L), diclofenac (11, 121 ng/L) and Bisphenol A (9, 2.5 x 103 ng/L). For a full 
breakdown of the occurrence of all the EOCs in this study please refer to Table S1 in the 
supplementary material.  
For these more frequently reported compounds (Table 1) there is no clear relationship 
between occurrence (average or highest maximum concentration) and Kow or frequency. This 
is not surprising as the overall loading on the environment, transport time through the 
unsaturated zone, toxicity to microbes and other physical properties such as charge, size and 
functionality are all important factors in controlling the fate of EOCs in environment and their 
subsequent occurrence in groundwater. Physical properties of EOCs and the maturity of 
treatment systems are also important factors that control the attenuation of EOCs during water 
treatment and their subsequent emission into the aquatic environment.  
 
4.1. Pharmaceuticals 
 
The most frequently reported group of compounds were pharmaceuticals (n=16), see Table 1. 
These included 5 analgesics, 4 anti-inflammatory drugs, three antibiotics, one anti-epileptic 
(carbamazepine), one barbiturate (primidone), a commonly used insecticide (DEET), an x-ray 
contrast agent (iopamidol) and clofibric acid, reported in these studies as a metabolite of the 
lipid regulator clofibrate (clofibric acid is also a pesticide).  Analgesics were reported to occur 
in groundwater in the following order of maximum concentration; paracetamol, (n=8) > 
ibuprofen (n=14) > phenazone (n=4) > propyphenazone (n=5) > salicylic acid (n=4), and anti-
inflammatory drugs in the following order of maximum concentration ibuprofen (n=14) > 
ketoprofen (n=6) > diclofenac (n=11).  The major source of analgesics and anti-
inflammatories was from waste water, including bank infiltration, artificial recharge, leakage 
from urban sewage systems, septic tanks (e.g. Heberer et al., 1997; Heberer, 2002, Reddersen 
et al., 2002; Hinkle et al., 2005; Verstraeten et al., 2005; Ellis, 2006; Carrara et al., 2007). 
The three most commonly reported antibiotics were found to occur in the following order of 
maximum concentration, triclosan (n=6) > sulfamethoxazole (n=15) > lincomycin (n=5), in 
addition erythromycin was reported in three different case studies. The maximum 
concentrations for antibiotics were reported in the range 5.7–2 x 103 ng/L, with the major 
sources being waste water sources, landfills, septic tanks and animal waste lagoons (e.g. 
Barnes et al., 2004; Carrara et al., 2007; Watanabe et al., 2010). In one study in Denmark 
Holm et al. (1995) reported sulfonamides in groundwater samples down gradient of a landfill 
site at concentrations in the range 104 –106 ng/L, however, generally antibiotics are detected 
in low concentrations compared to other more commonly occurring groundwater EOCs. 
Less widely reported pharmaceuticals include a range of compounds associated with skin care 
products including UV blockers (oxybenzone and drometrizole), isopropyl myristate, 
phenoxy-ethanol and lilial (Snyder et al., 2004; Stuart et al., 2011). Preservatives detected in 
groundwater include a series of paraben compounds (fungicide/microbiocide) which are used 
in food, creams and other personal care products. Methylparaben was detected relatively 
frequently (c. 2%) in UK groundwaters (Stuart et al., 2011) with a maximum concentration of 
5 x 103 ng/L and may be potentially a useful marker of waste water pollution in the freshwater 
environment.   
 
4.2. Veterinary medicines 
 
An important sub-group of pharmaceuticals are compounds used exclusively for veterinary 
purposes. The antibiotic sulfamethazine has been reported in groundwater several studies 
(n=5), with maximum concentrations ranging from 120–616 ng/L, and the highest 
concentrations being associated with leaching from farm waste lagoons, although it has also 
been reported in groundwater reconnaissance studies in Germany, USA and Switzerland 
(Hirsch et al., 1999; Barnes et al., 2008; NAQUA, 2009). Two other veterinary antibiotics 
reported in groundwater include monensin and tylosin (Watanabe et al., 2008; Bartel-Hunt et 
al., 2011). Waste lagoons are also potential sources of hormones and steroids, however, these 
appear to be largely attenuated in groundwater conditions (Kolodziej et al., 2004).   While the 
practice of meat production on CAFOs is perhaps more prevalent in the USA compared to 
Europe, there has been a significant concentration of animal production in Europe over recent 
decades (Thorne, 2007), and this continues to pose a potential threat to groundwater 
resources.  
 
4.3. Industrial compounds 
 
Two phenolic compounds (bisphenol A and the metabolite NP, both known endocrine 
disruptors), a fire retardant (tri(2-chloroethyl) phosphate) and the musk galaxolide were 
among the most frequently reported compounds (Table 1). Other detergents, plasticisers and 
fire retardants have been reported (Table S1). Bisphenol A is used as a plasticiser and 
common sources include treated waste water as well as septic tanks and landfills (Osenbruck 
et al., 2007; Buszka et al., 2009; Musolff et al., 2009). Other groups of detected industrial 
compounds include solvent stabilisers, surfactants and corrosion inhibitors (Barnes et al., 
2008, Loos et al., 2010, Stuart et al., 2011). Tonalide, also a musk, was reported in three 
different studies across Europe (Musolff et al., 2009; Bruchet et al., 2005 and Stuart et al., 
2011). Fluorinated organic compounds have a large range of uses including as refrigerants, 
fire retardants, in packaging and as protective coatings and there is growing interest in there 
environmental fate and occurrence (de Voogt et al., 2006). A study in the UK detected 
perfluorinated compounds in 26% of groundwater monitoring sites (n=219) at concentrations 
> 0.3 g/L (EA, 2007), groundwater contamination from chloroflurocarbons is widely 
reported (e.g. Shapiro et al., 2004; Morris et al., 2005). 
 
4.4. Life-style compounds  
 
Two life-style compounds were found in more than four case studies, caffeine (n=14) and the 
nicotine metabolite cotinine (n=4). Maximum caffeine concentrations were reported between 
13–11 x 104 ng/L, confirming its use as a marker of anthropogenic activity and waste water 
contamination (Loos et al, 2010). Common sources of caffeine include septic tanks as well as 
waste water treatment discharge to surface water and groundwater-surface water exchange in 
alluvial groundwater systems (e.g. Swartz et al., 2006; Godfrey et al., 2007; Rabiet et al., 
2006).  Nicotine was only reported in two case studies (Stuart et al., 2011; Godfrey et al., 
2007).  
 
4.5. Endocrine disrupting substances 
 
The most commonly reported known estrogenic hormones were E2 (n=4) and its metabolite 
oestrone (n=6). These were reported in low concentrations (0.1–120 ng/L) compared to 
pharmaceuticals (Figure 3). While four of the more frequently reported compounds are known 
EDS (estrone, E2, NP and bisphenol A), there are at least a further 8 compounds that are 
potential EDS, including fragrances; galaxolide and tonalide, and other non-steroidal 
pharmaceuticals; clofibric acid, paracetamol, ibuprofen, naproxen, diclofenac and fluoxetine 
(Caliman and Gavrilescu, 2009). The endocrine disrupting activities of oestrone and E2 are 
comparable, and much greater than that of NP and bisphenol A (see Hohenblum et al., 2004 
and references therein).  
 
4.6. Food additives 
 
Food additives detected in groundwater include the sweetners acesulfame, saccharin and 
sucralose (Buerge et al., 2009; Scheurer et al., 2008) as well as other preservatives such as 
parabens. This group of compounds have not been widely studied in groundwater, but show 
potential as a marker compounds to trace waste water sources and as such are likely to be 
included in future studies.  
 
5. Regional, national and pan-national reconnaissance surveys 
 
A summary of EOC occurrence and frequency for selected larger-scale studies is shown in 
Table 2. These confirm that EOCs are widespread in both groundwater and surface water as 
found in other studies, e.g.Tracol and Duchemin (2009). The following EOCs have been 
detected in drinking water sources, usually with concentrations at the ng/L level: 
Carbamazepine (anti-epileptic) and sulphamethoxazole (antibiotic) have been detected in a 
number of studies (e.g. Stolker et al. 2004, Stackelberg et al. 2007), the veterinary antibiotic 
compound tylosin (Zuccato et al. 2000); steroids by comparison have rarely been observed in 
treated drinking water (Fawell et al., 2001; Rodriguez-Mozaz et al., 2004; Chen et al., 2007), 
with the exception of estrone (metabolite); 17- and 17-oestradiol and the contraceptive 
ethinyloestradiol (Kuch and Ballschmiter, 2001); natural hormones (oestriol and 
progesterone) were found in drinking water from Spain (Kuster et al., 2010). 
Compared to surface water samples the groundwaters across Europe were found to be less 
contaminated, with a 25% frequency of detection for all compounds (Loos et al. 2010). The 
results compared well with the findings of Barnes et al. (2008) and Focazio et al. (2008) for 
the USA in terms of frequency for selected compounds. In a reconnaissance survey for 
streams Kolpin et al. (2002) found the detection frequency for the same analytical suite as 
used by Barnes et al. (2008) for groundwater to be greater by a factor of 2.4. However, it is 
noteworthy that triclosan was not detected frequently in the Europe wide study in contrast 
with studies in the USA. 
Table 3 shows the frequency and summary statistics for a selection of PPCPs 
(sulfamethoxazole, ibuprofen, carbamazepine), industrials (NP and bisphenol A) and caffeine 
that have been detected in regional and national scale groundwater reconnaissance studies. It 
should be noted that site selection criteria and sample numbers are not consistent across the 
studies. Barnes et al. (2008) used criteria to select sites with potential contamination, while in 
the case of Loos et al. (2010) and Fram and Belitz (2011) sites were selected without strict 
criteria. This explains the significantly lower detection frequency for compounds found in the 
study by Fram and Belitz (2011), compared to Barnes et al. (2008). In the case of the study in 
UK (Stuart et al., 2010) no criteria based on potential EOC occurrence was used in site 
selection and this has twice as many samples compared to any other study. It can be seen that 
there is considerable variation in the frequency of detects for all six commonly detected 
compounds between studies carried out in different countries and within the same country. 
The range of detection frequency for sulfamethoxazole was between 0.41-24 %, ibuprofen 0–
6.7 %, carbamazepine 1.2–42 %, NP 1.1–69 %, bisphenol A 8–59 % and caffeine 0.24–83 %. 
The recent studies by Loos et al. (2010) and Barnes et al. (2008) stand out as having high 
frequencies for a number of these commonly detected EOCs compared to other studies (see 
Tables 2 and 3).  
The five most commonly reported PPCPs in this study (see Table 1 and 2) have all been 
licensed for use in the USA for more than two decades, and in the case of carbamazepine, 
sulfamethoxazole, ibuprofen and clofibrate, more than three decades (FDA, 2011). Besides 
their intrinsic properties, their frequent reporting (Table 1) is likely due to their long history of 
use in Europe and North America. Their widespread occurrence in regional groundwater 
reconnaissance studies (see Table 2 and 3) could also be due to the fact that they have had 
sufficient time to travel through the unsaturated zone, as well as their prolonged release to the 
environment, particularly during the 1970s and 1980s when water treatment processes were 
less advanced and less able to attenuate these contaminants. As a result more recently 
introduced pharmaceuticals (e.g  rufinamide, also an antiepileptic drug, with a Kow similar to 
cabarmazepine) may not be observed in groundwater bodies for some years. 
Figure 4 shows a cumulative probability distribution of maximum EOCs (180 compounds, see 
Table S1) concentrations in groundwater for both targeted and non-targeted studies. This data 
was compiled from 74 published studies from 14 countries. Data from both study types show 
a comparable range of maximum EOC concentrations. Maximum concentrations have a log-
normal distribution and the number of compounds detected are comparable. Overall, 
reconnaissance studies have higher median concentrations (325 ng/L, note log scale in Figure 
3) compared to targeted studies (155 ng/L). A Wilcoxon rank sum test shows that the median 
values are significantly different (p >0.01). This is probably because the reconnaissance 
studies are from investigations with much larger sample sizes (typically >50) and larger 
analytical suites (typically >50 compounds) compared to targeted studies (see Table 2 for 
details). 
 
6. EOCs as groundwater tracers and modelling transfer to groundwater  
 
Fluorinated compounds have been used for many years as important quantitative tracers for 
groundwater dating (e.g. Busenberg and Plummer. 1992; Darling et al., in press). Recent 
reviews e.g. (Benotti, 2006; Dickenson et al., 2011) have assessed the use of a range of EOCs 
as tracers in the aquatic environment. EOC tracers that have been used in surface and 
groundwater systems include Gd (NMR source) caffeine, gemfibrozil, carbamazepine and 
nicotine derivatives (Seiler et al., 1999; Buerge et al., 2003, 2008; Clara et al., 2004). 
Applications include quantitative and qualitative experiments using single tracers as well as 
EOC ratios. Caffeine was used as a tracer in the karstic groundwater of southwest Germany 
(Hillebrand et al., 2011) to understand the impact of waste water pollution. Carbamazepine 
has also been used to evaluate and quantify groundwater contamination from waste water 
sources (Gasser et al., 2010; Lev et al., 2011). The chiral nature of EOC including 
pharmaceuticals and musks, have potential important applications for characterising the 
sources, fate and pathways of contaminants in groundwater (Kholer et al., 1997; Buser et al., 
1999; Wong. 2006). 
To date most modelling studies have been focused on evaluating potential environmental 
concentrations in various fresh water environments (Kümmerer et al., 2005; Kümmerer, 
2008). A recent paper by Domènech et al. (2011) showed the application of a model to assess 
the fate of a range of commonly used EOCs (Spain) and modelled potential surface water 
concentrations were found to be broadly comparable with measured observations. The fate of 
pharmaceuticals has been modelled in groundwater as a result of bank infiltration (Zippel et 
al., 2010); this is a commonly used treatment technique in several river basins including the 
Rhine, Danube and Meuse and continues to be an important source of EOC in groundwater. 
Modelling studies in the soil zone have shown that sulfonamide antibiotics are readily 
desorbed from soils and are a potential threat to groundwater and surface water resources 
(Unold et al., 2009; Srivastava et al., 2009).  
7. Impacts on groundwater resources 
Over the last decade the development of broader, more rapid and cost effective screening 
tools for EOCs has enabled environmental concentrations of EOCs in groundwaters to be 
better assessed. Groundwater resources have been shown to be polluted with a large range of 
EOCs that are detected at environmentally significant concentrations as a result of recent 
anthropogenic activities as well as historical environmental pollution. This review highlights 
the widespread contamination of groundwaters by a range of PPCPs, industrial compounds 
and life-style compounds, with carbamazepine, sulfamethoxazole, ibuprofen, bisphenol A and 
caffeine being the most widely reported compounds. Environmentally significant 
concentrations (100–104 ng/L) of a range of EOCs, including a number of EDS, are being 
detected in groundwaters globally.  
However, compared to surface waters the occurrence and fate of EOCs in groundwater has 
received little attention. To date research has focused on site-specific EOC pollution in 
groundwater, largely from waste water sources. While these studies have been critical in 
developing our understanding of groundwater contamination by EOC they have primarily 
focused on point source pollution. Many national and regional studies have been biased 
towards sites with ‘potential’ contamination so the real frequency of occurrence and 
distribution in the environment remains poorly understood. More regional-scale studies are 
needed to fully assess the occurrence of EOC in groundwater, and characterise the spatial and 
temporal nature of EOC contamination, in agricultural biosolids and manure, sources from 
diffuse urban leakage as well as transport networks (Musolff et al., 2009; Stuart et al., 2011).  
While EOC occurrence in some parts of Europe (generally the more industrialised regions) 
and North America has been better characterised than most, there is a clear paucity of 
available information on EOC occurrence in groundwaters across large parts of Europe, Asia 
and Africa and South America. Groundwaters from these areas are at risk from contamination, 
a problem compounded by limited regulation for emissions to the environment (e.g. Stuart et 
al., 2001; Alemaw et al., 2004; Covaci et al., 2006; Hoai et al., 2010; Chen et al., 2011). 
Recent studies show that despite improvements in water treatment processes and their ability 
to attenuate EOCs, observations in surface and groundwaters impacted by waste water 
treatment, and finished drinking water, suggest that significant concentrations are still being 
released to the aquatic environment and can bypass the various treatment processes (e.g. 
Benotti et al., 2009; Houtman, 2010; Dickenson et al., 2011). In many parts of the world 
water treatment options to remove EOCs are limited or not available.  
More arid environments have been shown to be particularly susceptible to groundwater 
contamination by EOCs due to intentional and unintentional recharge of waste water sources 
(Drewes et al., 2003; Drewes, 2009; Gasser et al., 2010; Cabeza et al., 2011). The ratio 
between natural recharge and artificial recharge is such that there is less potential for dilution 
and natural attenuation. As a result the impact on groundwater quality from these activities is 
greater and perhaps less sustainable over long time periods. This is a very real challenge as 
artificial recharge remains an important water resource management option in arid, water 
scarce areas of the world (Drewes, 2009; Fram and Belitz, 2011).  
Groundwaters that are already contaminated with EOCs may pose a hazard for decades to 
come owing to relatively long residence times and persistence due to reducing chemistry and 
relatively low microbial degradation rates. They may be an important source of EOC in 
surface waters through baseflow inputs and GW-SW exchange. Alluvial and karstic aquifers 
are particularly susceptible to contamination, and have been the focus of many of the 
groundwater studies to date (e.g. Drewes et al., 2003; Katz et al., 2009; Einsiedl et al., 2010). 
Almost half of the studies (n=11) where carbamazepine has been reported have been in 
shallow alluvial groundwater systems, and karstic systems (n=2), while a number of studies 
do not specify a particular geology.  
8. Areas for further research 
The use of EOCs in groundwater as novel tracers for waste water sources is a developing 
research area. This may have most value in elucidating proximal sources of groundwater 
pollution due to the large attenuation/dilution potential of groundwater systems. However, 
whether multiple contaminant sources of EOCs in groundwater can be discriminated remains 
unclear and warrants further investigation. Many of the frequently observed EOCs in 
groundwater (e.g. carbamazepine and caffeine) are associated with multiple sources. To date 
few studies have coupled EOCs with other established environmental tracers (e.g. isotopes, 
groundwater residence time tracers) to develop process understanding of their fate and 
transport in the subsurface environment. The transport of groundwater and contaminants 
through the unsaturated zone may take considerable time and therefore result in a time lag 
before they impact groundwater quality. Both field and modelling studies are needed to 
develop our understanding of the fate of EOC in the unsaturated zone. 
Fundamental research on the sorption and degradation of EOCs in soil and aquifer material is 
required to develop predictive modelling capabilities for EOC in the subsurface environment.  
Research is needed to assess the importance of different sources and transport processes in 
addition to the chemical properties of the EOCs themselves in controlling their occurrence in 
groundwater.  Investigating the fate and degradation pathways of EOCs may be greatly 
facilitated using isotope labelling approaches in field and laboratory studies (e.g. Nowak et 
al., 2011).  
Molecular topology and quantitative structure-activity relationship (QSAR) type modelling is 
being increasingly used as a tool to screen potentially mobile EOCs in treatment processes 
and for environmental toxicological studies (e.g. Jaworska et al., 2002; Cronin et al., 2003). 
Given the large number of potential compounds and lack of fundamental properties for many 
EOCs this approach has obvious future applications for understanding the fate of EOCs in the 
environment including the risk of groundwater pollution (Worrall, 2001).  
There has been little attempt to date to understand the importance of large scale 
hydrogeological processes (e.g. residence time or aquifer confinement) or redox controls on 
the occurrence and fate of many groups of EOCs in groundwater including PPCPs, industrial 
chemicals and life-style compounds compared to pesticides (e.g. Worrall and Kolpin, 2004, 
Worrall and Besien, 2005).  
Continuing research on partitioning of EOC between the dissolved and colloidal phase is 
needed. Colloidal transport may be an important pathway for EOC within the subsurface, 
allowing EOCs to be transported further and faster than in the dissolved phase. The 
interaction between EOCs and model colloids such as Fe-oxyhydroxides and fulvic-like 
substances, and naturally heterogeneous colloids warrants further investigation. The fate of 
EOCs in the hyporheic zone (the zone of interaction between surface water and groundwater) 
is as yet poorly understood and is likely to be an important area for future research (e.g. 
Lewandowski et al., 2011, Banzhaf et al., 2011). 
This review has highlighted the fact that degradates of EOCs are often found more frequently 
and in greater concentrations compared to parent compounds (e.g. cotinine, estrone, clofibric 
acid, and NP). This has also been found to be the case for many pesticides (e.g. Kolpin et al., 
2000, Lapworth et al., 2006) and reinforces the need to monitor and regulate for degradates of 
EOCs as well as their parent compounds. A related area requiring continued research is the 
effect of antibiotics on microbes and the development of antibiotic-resistant bacteria in the 
subsurface, for example under waste lagoons (Pruden et al., 2006, Mckinney et al., 2010) and 
their effects on soil microbial communities (Gutierrez et al., 2010). 
While subsurface transport may attenuate a large proportion of EOCs, in some instances 
groundwaters may continue to be a source of EOC for tens of years as a result of long 
residence times and low microbial populations in groundwater systems. In the next decades, 
more of these EOCs are likely to have drinking water standards, environmental quality 
standards and/or groundwater threshold values defined, and so a better understanding of the 
spatial and temporal variation is a priority. This may be facilitated by the deployment of novel 
sampling techniques for detecting very low concentrations of EOCs in groundwaters (Stuer-
Lauridsen, 2005). 
9. Conclusions 
1. This review highlights the widespread contamination of groundwater resources by a 
large variety of emerging contaminants that are detected at potentially environmentally 
significant concentrations as a result of both recent and historical activities. Important EOCs 
include a range of PPCPs, industrial and life-style compounds, with carbamazepine, 
sulfamethoxazole, ibuprofen, bisphenol A and caffeine being the most widely reported 
compounds. Environmentally significant concentrations (102–104 ng/L) of a range of EOCs, 
including a number of EDS, are being detected in groundwaters globally. Many of these 
EOCs are among the highest priority substances for treatment and regulation both in terms of 
their potential environmental and human health effects.  
2. Compared to other freshwater resources the occurrence of EOCs in groundwater is 
poorly characterised. Many national and regional studies have been biased towards potentially 
contaminated sites so the actual frequency and distribution in groundwater remains largely 
unknown. So far site-specific research has been directed towards waste water point sources, 
there is currently limited understanding of the risk of groundwater pollution from more 
diffuse sources such as biosolids and urban sewage leakage. More systematic regional-scale 
studies are needed to fully assess the spatial and temporal occurrence of EOC in groundwater. 
3. While subsurface transport may attenuate a large proportion of EOCs, in some 
instances groundwaters may continue to be a source of EOC for decades as a result of long 
groundwater residence times, low microbial populations and redox controls in the saturated 
zone. In the coming decades, more of these EOCs are likely to have drinking water standards, 
environmental quality standards and/or groundwater threshold values defined, and so a better 
understanding of the spatial and temporal variation remains a priority.  This review has 
highlighted the fact that degradates are often found more frequently and in greater 
concentrations compared to parent compounds and reinforces the need to monitor and 
regulate for degradates of EOCs as well as parent compounds.  
4. Research is needed to assess the importance of different sources and transport 
processes, as well as contaminant physicochemical properties, which combine to control EOC 
occurrence in groundwater.  There is currently a lack of information regarding sorption 
processes on geological material from the unsaturated and saturated zone. Both field and 
modelling studies are needed to develop our understanding of the fate of EOC in the 
unsaturated zone.  As yet there has been little attempt to understand the importance of large-
scale hydrogeological processes or redox controls on the occurrence and fate of EOCs in 
groundwater. Colloidal transport may be an important pathway for EOC within the 
subsurface, allowing EOCs to be transported further and faster than in the dissolved phase. 
The fate of EOCs in the hyporheic zone is as yet poorly understood.  
5. The use of EOCs in groundwater as novel tracers for waste water sources is a 
developing research area. This may have particular value in elucidating nearby sources of 
groundwater pollution due to the large attenuation/dilution potential of groundwater systems. 
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Figure captions: 
Figure 1. Schematic diagram, using the source-pathway-receptor approach, highlighting 
potential sources and pathways for groundwater pollution by EOCs based on reviewed 
literature (sources: Halling-Sørensen et al. 1994; Heberer et al. 2002; Díaz-Cruz and Barceló. 
2008).  
Figure 2. Box-plot of maximum EOC concentration in groundwater by major sources; 
agricultural waste (from waste lagoons and biosolids), landfill, septic tanks, waste water 
(industrial and municipal). Suspected outliers (+) are 25th and 75th percentile +/- 1.5(IQR). n = 
number of results, c = number of different compounds for each group. For comparison, the 
solid horizontal line is the EU drinking water limit for pesticides. 
Figure 3. Box-plot of maximum EOC concentration in groundwater by major compound 
groups; 1= steroids and hormones, 2= sweeteners and food preservatives, 3= industrial 
compounds, 4= life-style compounds, 5= PPCPs (not including group 6), 6= veterinary 
compounds. Note the log scale on the y-axis. Suspected outliers (+) are 25th and 75th 
percentile +/- 1.5(IQR). n = number of results, c = number of different compounds for each 
group. For comparison, the solid horizontal line is the EU drinking water limit for pesticides.  
Figure 4. Cumulative probability plot of maximum EOCs concentration in groundwater for 
both reconnaissance and targeted studies. This data was compiled from 74 published studies 
from 14 countries. Reconnaissance studies (n=14), targeted studies (n=60). It includes data 
from 180 different individual EOCs as well as degradates. Note the log scale on the x-axis. 
For comparison, the solid vertical line is the EU drinking water standard for pesticides. 
 
Table captions: 
Table 1. Summary statistics for maximum concentrations (ng/L) found in groundwater for 
EOCs and degradates that were detected in at least 4 separate studies, their major use and Kow  
Table 2. Groundwater EOC occurrence in regional, national and pan-national studies. 
Table 3. A comparison of detection frequency (%), max concentrations (ng/L) and number of 
samples for PPCPs (sulfamethoxazole, ibuprofen and carbamazepine), industrial compounds 
(nonylphenol and bisphenol A) and caffeine in reconnaissance studies. 
 
Supplementary material: 
Table S1. Summary statistics for maximum detected concentrations and references for 
selected EOC in groundwater covered in this review. 
 
 
  
 
 
